Introduction to TAM functions
The impact of the TAM family of receptor protein tyrosine kinases (RTKs) on physiology recently gained momentum, as they play pivotal roles in several physiological systems. TYRO3, AXL and MERTK comprise the TAM family of RTKs, and together with their cognate ligands Growth Arrest-Specific 6 (GAS6) and Protein S (PROS1) mediate various molecular signaling pathways and cellular functions, mostly impacting adult tissues. The two chief functions mediated by TAM receptors in adult tissues are the phagocytic uptake of membranes and apoptotic cells, and negative regulation of the immune response (Lemke, 2013) . Indeed, TAMs are expressed by professional and non-professional phagocytes in several tissues where they mediate efferocytosis -the process of phagocytic uptake and clearance of apoptotic cells. Removal of apoptotic germ cells and extruded cytoplasm by Sertoli cells in the testis (Lu et al., 1999) , efferocytosis by macrophages of the immune system (Anderson et al., 2003) and by brain microglia during adult neurogenesis (Fourgeaud et al., 2016) , as well as bone resorption by osteoclasts (Nakamura et al., 1998) are all mediated by TAM signaling Lu et al., 2010 ). An exception to efferocytic phagocytosis is seen in the retina, where MER is necessary for uptake of viable photoreceptor outer segments by retinal pigment epithelium (RPE) (Burstyn-Cohen et al., 2012; D'Cruz et al., 2000; Duncan et al., 2003; Lu et al., 2010; Prasad et al., 2006) . Thus, as part of the "sanitary department", TAMs are pivotal in the rapid clearance of cellular debris, preventing the cells' secondary necrosis and release of intracellular antigens and DNA which provoke inflammation and autoimmunity (Elliott et al., 2010) , ultimately leading to failed tissue homeostasis and pathological conditions such as local or systemic inflammation, autoimmunity and cancer (Poon et al., 2014) . In keeping with a role in maintaining tissue homeostasis through phagocytosis, mice lacking TAM receptor function develop autoimmune disease (Lu et al., 2001) , male infertility (Lu et al., 1999) and blindness (Duncan et al., 2003; Lu et al., 1999) . Another central function fulfilled by TAM receptor signaling is their regulatory role in attenuating inflammatory reactions and immune responses. As negative regulators of immunity, TAMs are expressed by a myriad of immune cell populations, where they specifically restrain innate immunity and the secretion of pro-inflammatory cytokines (Carrera Silva et al., 2013; Rothlin et al., 2015; Rothlin et al., 2007) . Thus, TAM-mediated homeostatic regulation and diminution of inflammation is brought about by both the active removal of potential stimulators of auto-immune response, as well as by molecular inhibition of inflammation and immune cell activation Rothlin et al., 2015) .
While TAM loss-of-function underlies dysregulated tissue homeostasis as mentioned above, it should be mentioned that the overexpression and upregulation of TAMs is recognized in vari-ous human cancers, where activated TAM signaling functionally supports increased proliferation, migration, invasion, enhanced tumor cell survival, angiogenesis and promotes resistance to chemotherapeutic drugs (Axelrod et al., 2014; Cummings et al., 2013; Graham et al., 2014) . To date, among TAMs, AXL overexpression was shown to drive chemoresistance in several cancer models (Brand et al., 2014; Elkabets et al., 2015) . Thus, taming TAM signaling is critically important for maintaining healthy tissue homeostasis and TAM activation by their ligands PROS1 and GAS6 must also be kept in check.
For many years, the lack of tools to study the roles of the individual TAM receptors and ligands in a cell-specific manner has hampered the understanding of TAM-mediated signaling, especially as different Prasad et al., 2006) . Another line of evidence implying PROS1 as an in vivo TAM ligand stemmed from analysis of two independently generated GAS6 null mouse models (Angelillo-Scherrer et al., 2005; Yanagita et al., 2002) . Both GAS6 null strains appeared healthy and were not blind due to photoreceptor degeneration as in Mer -/-mice (Duncan et al., 2003) . Moreover, Gas6 -/-mice did not present with autoimmune disease or male sterility, as do mice lacking all three TAM receptors (Lu et al., 1999; Lu, Lemke, 2001) . The generation and analysis of conditional knockout mice for Pros1 (Burstyn-Cohen et al., 2009 ) and ablation of Pros1 expression in the retina demonstrated the role of PROS1 as an in vivo ligand for MERTK in mediating the phagocytosis of photoreceptor outer segments by RPE cells (Burstyn-Cohen et al., 2012) . The role Fig. 1 (MANFIOLETTI et al., 1993) . A gamma-carboxy glutamic acid (Gla) 
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Gla domain TAM receptor-ligand interactions mediate diverse signaling pathways and altered cellular functions (Graham et al., 2014; Lemke, 2013; Zagorska et al., 2014) . The role of GAS6 and PROS1 as TAM agonists was studied in vitro for many years, where the role of PROS1 as a functional TAM ligand was debatable at times. It was only following the development of an organotypic in vitro system (Prasad et al., 2006) and the generation of a conditional knockout mouse model for Pros1 (Burstyn-Cohen et al., 2009 ) that enabled the uncovering of PROS1 functions as a TAM ligand in may tissues in vivo (Burstyn-Cohen et al., 2009; Burstyn-Cohen et al., 2012; Carrera Silva et al., 2013) . This review highlights previously identified and newly emerging roles of the TAM receptors and their ligands (Fig. 1 ) during embryonic and postnatal development. The relevance of TAM signaling components to developmental processes and its relation to disease is discussed.
A brief history of the cloning and identification of TAM receptors and their ligands
The receptors TYRO3, AXL and MERTK were independently cloned by several labs in the early 1990's (Graham et al., 1994; Lai et al., 1994; Lai et al., 1991; O'Bryan et al., 1991) , and their ligands identified as PROS1 and GAS6 several years later (Mark et al., 1996; Nagata et al., 1996; Ohashi et al., 1995; Stitt et al., 1995) . However, several laboratories reported the in vitro stimulation of TAM receptors only by GAS6 and not by PROS1 in various experimental systems (Chen et al., 1997; Godowski et al., 1995; Hall et al., 2001; Mark et al., 1996; Nagata et al., 1996; Ohashi et al., 1995) , thus questioning the biological role of PROS1 as a functional TAM ligand. It was not until 2003 when Anderson et. al. reported that serum-derived PROS1 stimulated phagocytosis of apoptotic cells by macrophages (Anderson et al., 2003) , which was already known to be mediated by MERTK (Scott et al., 2001) . A couple of years later PROS1 was reported to stimulate the phagocytic uptake of photoreceptor outer segments by cells of the retinal pigment epithelium (RPE) (Hall et al., 2005;  of PROS1 as a TAM ligand in vivo has since been shown in the adult mouse testis , and in the immune system (Carrera Silva et al., 2013) .
TAM signaling in development
Overlapping expression and functional redundancies between the TAM receptors prompted the generation of mice in which all three TAM receptors were inactivated (Lu et al., 1999) . Simultaneous inactivation of all TAM receptors does not result in embryonic lethality, indicating their regulatory roles are dispensable for development (Lemke, 2013; Lu et al., 1999) . However, expanding data suggest the TAMs do regulate developmental processes, as TAM receptors and their ligands are expressed by embryonic stem cells and during development in multiple cell types, and inactivation of TAM receptors or their ligands affects normal embryonic and postnatal developmental processes. The biologic functions of TAM receptors and their ligands in maintaining a healthy homeostasis in adult tissues has been briefly mentioned above, and was recently extensively reviewed (Graham et al., 2014; Lemke, 2013; Lemke, Burstyn-Cohen, 2010; Rothlin et al., 2015; Rothlin et al., 2010) . Here, I will focus on the newly emerging roles of TAM signaling in developmental processes.
Notably, the expression of TYRO3 was first reported to be enriched in embryonic developing mouse tissue, and was therefore initially named Developmental Tyrosine Kinase -DTK (Crosier et al., 1994) . The expression pattern of DTK -now formally renamed TYRO3 -was highly enriched in embryonic tissues, including undifferentiated mouse embryonic stem (ES) cells and in various embryonic tissues. In contrast to embryonic tissue, TYRO3 expression in adult tissues was restricted to portions of the gastrointestinal, nervous and reproductive systems (Crosier et al., 1994) . The embryonic expression of TYRO3 notwithstanding, to date no gross developmental defects have been attributed to the loss of TYRO3 expression. This may be explained by the overlapping and compensatory roles of TAM receptors demonstrated in various cell types, often with an increase in phenotype severity caused by loss of each additional TAM allele (Lemke, 2013; Lu, Lemke, 2001 ).
TAM receptor function in the developing reproductive system
Gonadotropin-releasing hormone (GnRH) neurons participate in the hypothaloamic-pituitary-gonadal axis which regulates many aspects of sexual development and maturation in both males and females. In adult rodents and higher mammals, GnRH neurons reside in the hypothalamus, where they secrete GnRH in a pulsatile manner into the pituitary portal system (Fig. 2) . In turn, uptake of GnRH by the pituitary initiates secretion of the pituitary gonadotropins luteinizing hormone (LH) and follicle-stimulating hormone (FSH) into the circulation. LH and FSH stimulate the gonads to promote gametogenesis and steroidgenesis. In males, LH stimulates the production and secretion of testosterone and android-binding protein by Leydig and Sertoli cells of the testis. In females, LH stimulates the ovarian secretion of androgens, as well as secretion of progesterone at later stages. FSH stimulates Sertoli cells to promote the proliferation and post-mitotic maturation of male germ cells, and the production of estradiol by ovarian granulosa cells in females. Deficiencies in GnRH culminate in the failure to undergo normal pubertal development (Herbison, 2016; Wierman et al., 2011) .
During embryogenesis, GnRH neurons undergo extensive migration from their birth location in the olfactory placode/vomeronasal organ to the hypothalamus (Fig. 2) . In mice GnRH neurons engage in migration at embryonic day 10.5 (E10.5), when they leave the olfactory placode, migrate along the vomeronasal nerve and traverse into the developing forebrain through perforations at the cribriform plate between E12-E17. Once in the forebrain, GnRH neurons change their migratory trajectory and turn caudally, until they arrive at their final destination -the hypothalamus. GnRH neurons further disperse within this region, and finally send projections to the median eminence, activating pituitary gonadotropes. The defective production or incorrect migration of GnRH neurons underlies reproductive disorders, such as hypogonadotropic hypogonadism as in Kallmann's syndrome (Herbison, 2016; Wierman et al., 2011) .
Studying the molecular mechanisms underlying the complex migratory pathway of GnRH neurons has revealed a role for GAS6/AXL signaling in their guidance, proliferation and survival. The elevated expression of AXL by migratory GnRH neuron cell lines compared to post-migratory GnRH neurons suggested its involvement in GnRH migration (Fang et al., 1998) . AXL stimulation by GAS6 in the Gn10 migratory cell line induced activation of extracellular signal-regulated kinase (ERK) and Akt in a GAS6-dependent fashion, resulting in increased cell survival and protection from apoptotic cell death (Allen et al., 1999) . The expression of all TAM receptor signaling components was later identified to be differentially expressed, with Axl and Tyro3 predominantly expressed among low GnRH expressing migratory GnRH neurons. By contrast, Mer was upregulated in high GnRH expressing postmigratory neurons, further suggesting their dynamic role in GnRH development (Pierce et al., 2008) .
In vitro silencing of Axl and Tyro3 identified their role in protection of migratory GnRH neuronal cells from apoptosis induced by growth-factor withdrawal (Pierce et al., 2008) . Studying migratory GnRH neurons during embryogenesis in mice deleted for Axl (Axl ) corroborated their roles in vivo. Axl and Tyro3 deficiencies manifested later in adulthood in delayed sexual maturation and irregular estrus cycles with a significantly prolonged proestrus phase -all known to be dependent on GnRH neuronal function (Pierce et al., 2008) . The simultaneous deletion of Tyro3 and Axl resulted in increased apoptosis of E15 migratory GnRH neurons, which led to a diminution of GnRH neurons reaching the forebrain at E15 as well as reduced GnRH neuronal populations in adult females (Pierce et al., 2008) . These findings indicate a role for TAM receptors in embryonic GnRH neuronal migration and survival.
To understand whether the TAM cognate ligands GAS6 and/ or PROS1 play a role in GnRH neuronal migration in vivo, a first inspection was attempted in Gas6 -/-mice. Salian-Mehta and colleagues report that Gas6 null females show a delayed vaginal opening and delayed first estrus, although normal estrus cycles were finally obtained later in adulthood (Salian-Mehta et al., 2014) . Gas6 KO females had reduced numbers of GnRH neurons and their accumulation in early migratory locations at E15 suggests failed continued migration in the absence of Gas6. It is worthy to note that Gas6 KO mice showed an overall improved phenotype compared to Tyro3; Axl double knockout (DKO) mice. The normal estrus cyclicity and the modest, yet significant phenotypes described in Gas6 -/-females may suggest an in vivo role for PROS1 in GnRH development, as both GAS6 and PROS1 are expressed during GnRH neuronal development. While GAS6 expression did not differ between migratory and post-migratory GnRH neurons, that of PROS1 was found to be dynamically upregulated in post-migratory GnRH neurons (Pierce et al., 2008) . Whether PROS1 plays a role in GnRH neuronal development in vivo remains to be investigated.
Less is known about the role of TAMs in development of the male reproductive system. The first indication of TAM function in male (and female) fertility was reported in 1999 by Lu and colleagues (Lu et al., 1999) , who revealed that both female ovaries and male testis were histologically abnormal. The triple TAM knockout males never sired offspring, indicating their sterility. This report also identified cell death in the granulosa cells associated with growing ovarian follicles.
The few reports on the role of TAM signaling in the male reproductive system are chiefly based on studies in TAM triple KO mice, and focused at the postnatal perturbed clearance of immature and defective spermatids by Sertoli cells, eventually leading to failed testicular homeostasis and male sterility (Lu et al., 1999) . The expression of all TAM receptors was found to be confined to Sertoli cells, while expression of both GAS6 and PROS1 ligands was first detected in Leydig cells, and later upregulated in Sertoli cells coinciding sexual maturation (Lu et al., 1999) . Postnatal spermatogenesis is deffective in TAM triple KO mice, with delayed production of mature sperm and increasingly elevated sperm deficiency as these mice mature. Sertoli cell death was observed in these mice, which led to germ cell death during their maturation phase, specifically in spermatids and spermatocytes (Lu et al., 1999) . Interestingly, these mice had normal blood testosterone levels and exhibited normal sexual behavior. Thus, it was hypothesized that TAMs are necessary for Sertoli cells to provide trophic support for the developing spermatogonia. Additionally, the life-long continuous generation of sperm also requires the nonstop phagocytic clearance of apoptotic germ cells and cytoplasm extruded during sperm maturation. This rapid clearance of cell debris is performed by Sertoli cells, (Lu et al., 2010) , and is mediated by TAM receptors Lemke, Burstyn-Cohen, 2010; Lu et al., 2010; Xiong et al., 2008) . GAS6 was shown to mediate Sertoli cell phagocytosis of apoptotic cells in vitro (Xiong et al., 2008) , however the viability of Sertoli cells in Gas6 -/-mice and their fertility suggests that PROS1, also expressed by Leydig cells may function redundantly in vivo. Indeed, MERTK stimulation by PROS1 is sufficient for normal apoptotic cell clearance in the testis, as revealed by a systematic genetic analysis in various TAM single and double mutant mice .
Sertoli cell progenitors are already present within the developing gonad at E11.5, and were shown to play key roles in further testicular development, including testis cord formation, testicular vasculogenesis, Leydig cell differentiation and function, and the maintenance of undifferentiated spermatogonia (reviewed in Cool et al., 2012) . Sertoli cells also play a central role in the continuing prepubertal postnatal development of the testis, including in the postnatal development of Leydig cells, as was recently shown by the postnatal ablation of Sertoli cells (Rebourcet et al., 2014) . Whether TAM receptors are expressed by early Sertoli cells or whether they play a role in these embryonic or postnatal stages of testis development has not yet been studied. 
TAM receptor function in the developing nervous system
Among TAM receptors, TYRO3 is most prominently expressed in the nervous system, both during development and throughout adulthood. An extensive analysis of TAM receptor expression was performed in the rat developing brain, where TYRO3 expression was found to be relatively highly expressed in the periventricular neuroepithelial layers (subventricular zones) along the forebrain, midbrain and hindbrain regions, in the nasal olfactory epithelium and along the developing spinal cord (Prieto et al., 2000) . These brain regions are areas where active proliferation takes place during embryonic brain development and in a more restricted manner in neurogenic niches during adulthood (Zhao et al., 2008) . The complex regulation of neural stem cell (NSC) biology involves cellular and environmental factors, and is a multi-step process, where NSCs have several binary choice points. For example, stem cells are either quiescent or proliferating. Quiescent stem cells engage in proliferation upon internal or external signals. Once proliferating, stem cells divide to produce more stem cells, thus maintaining the stem cell pool through a process of self-renewal, while other daughter cells engage in differentiation. The differentiating cell again faces a binary fate choice, as it can adopt a neural or glial fate. Thus, the balance between quiescence and proliferation; self-renewal or differentiation and final fate acquisition play important roles in tissue homeostasis, and are regulated by complex molecular cues (Mu et al., 2010) .
In a transcriptomic screen Wang et. al. identified all three TAM receptors, and the ligand Pros1 to be differentially enriched among neural stem/progenitor cells in the developing (E15.5) mouse cortex (Wang et al., 2011) . Indeed, AXL immune-expression was confined to the cortical ventricular zone at E15.5, where active proliferation takes place. Neutralization of Axl by in-utero electroporation of a dominant negative Axl construct caused cortical ventricular zone neural stem/progenitor cells to prematurely differentiate, and engage in migration towards the cortical plate. This premature differentiation was accompanied by an increase in the expression of the neuronal marker bIII-tubulin and a concomitant loss of the progenitor cell markers nestin, Pax6 and Tbr2 (Wang et al., 2011) . Analysis of BrdU labeling together with Ki67 immunoreactivity in cortices from Axl -/-;Mer -/-DKOs also revealed the early exit of progenitor cells from the cell cycle and premature differentiation. Together, these results identified a role for TAM signaling in the maintenance of cortical embryonic neural progenitor cells.
Analysis of TAM triple knockout stem cells isolated from neonatal mouse forebrains supports a role for TAM receptors in maintaining neural progenitor identity, as well as providing trophic support for these cells (Ji et al., 2014) . When cultured, TAM triple knockout neural stem/progenitor cells expressed less nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) than control cells, suggesting trophic factor expression is regulated by TAM signaling. With respect to cell differentiation, while no effect was observed on glial daughter cell fate, a decrease in neuronal differentiation was observed in knockout cultured NSCs, suggesting TAM receptor signaling may be instructive for the acquisition of neuronal cell fates. However, deletion of all three TAM receptors was detrimental for in vitro culturing of neural stem/progenitor cells, which showed delayed growth profiles and elevated apoptotic rates compared to wild type cells (Ji et al., 2014) . Investigating the differential impact of each TAM receptor on NSC biology in vivo would be of great interest, but is currently hampered by the lack of genetic tools to selectively ablate TAM receptor expression within specific neurogenic cellular compartments. Thus, understanding the relative roles of Tyro3, Axl and Mertk specifically within NSCs versus other neurogenic niche brain cells such as microglia, endothelial cells and astrocytes is not yet possible in vivo. The recent generation of a mouse harboring a conditional Mertk allele (Fourgeaud et al., 2016) would allow dissecting the relative role of Mertk in the developing nervous system.
In the adult, the postnatal ongoing generation of newborn neurons and glia from NSCs is critical for maintaining brain homeostasis and function. In rodents, NSCs residing in the subventricular zone (SVZ) provide newly generated neurons which migrate through the rostro-migratory stream and finally incorporate into the olfactory bulb. Neural stem cells residing in the subgranular hippocampal layer (SGZ) give rise to neurons which contribute to learning and memory (Deng et al., 2010; Shors et al., 2001) . Adult murine SVZ neural stem/progenitor cells were shown to express all three TAM receptors and both ligands PROS1 and GAS6 (Gely-Pernot et al., 2012) . Gely-Pernot et. al. inspected the role of the TAM ligands GAS6 and PROS1 on adult SVZ neurogenesis. Cultured SVZ neural stem/progenitor cells isolated from GAS6 -/-mice showed reduced numbers of proliferating neural stem/progenitor cells compared to wild type control cells, and generated less self-renewing neurospheres, suggesting either impaired NSC proliferation, a reduction of the NSC pool, reduced self-renewal capacity, or a combination thereof. By contrast, antibody neutralization of PROS1 increased SVZ neural stem/progenitor cell proliferation in vivo, suggesting PROS1 is inhibitory for SVZ NSC proliferation in vivo, and counteracts GAS6 function (Gely-Pernot et al., 2012) .
The expression of TYRO3, MERTK, GAS6 and PROS1 in brain tissue is not confined to NSC/NPCs. Other cell types in the neurogenic niche which are known to influence neurogenesis, such as endothelial cells, microglia and astrocytes also express these TAM signaling components at steady state, and under inflammatory conditions. Thus, TAMs may influence NSC/NPC developmental processes in a NSC/NPC autonomous manner (which can be either autocrine or paracrine), or by an inter-cellular interaction, involving non-NSC/NPC cell types. For example, microglia regulate neurogenesis by secreting factors that affect different phases of the neurogenic process (Gemma et al., 2013; Sato, 2015; Sierra et al., 2014) and are also active in clearing of apoptotic newborn cells that are aborted during neurogenesis (Sierra et al., 2010) . Microglia also regulate neurogenesis under inflammatory conditions. Their polarized reaction to inflammation can lead either to a neuro-protective reaction positively supporting de-novo neurogenesis, or to the suppression of neurogenesis (Belarbi et al., 2013) .
Exclusive of Tyro3, all TAM signaling components are expressed by microglia (Butovsky et al., 2014; Grommes et al., 2008; Ji et al., 2013) , where they mediate anti-inflammatory immune signaling and phagocytosis (Grommes et al., 2008) . A recent work by Fourgeaud and colleagues showed that Mertk and Axl mediate the in vivo engulfment of apoptotic newborn neurons in the adult SVZ by microglia (Fourgeaud et al., 2016) , and that both ligands PROS1 and GAS6 function in vitro as MER agonists for this phagocytic event. Thus, TAM signaling contributes to the successful and productive process of adult neurogenesis by regulating the clearance of apoptotic newborn neurons. However, as mentioned above, the polarized response of microglia can also negatively influence adult neurogenesis, through an elevated inflammatory response. Ji et. al. investigated microglia from TAM triple KO mice, and found they were characterized by a hyperactivated, proinflammatory cytokine profile in response to stimulation with LPS, CpG or poly(I:C) (Ji et al., 2013) . This hyper-inflammatory profile of microglia was neurotoxic and detrimental to adult neurogenesis both in vitro and in vivo. Elevated microglial IL-6 secretion was a key player in this effect, as knockout of the IL-6 gene in TAM triple KO mice restored hippocampal NSC/NPC proliferation and neurogenesis, as measured by newborn DCX + neurons (Ji et al., 2013) . Similar to microglia, TAM -/-astrocytes also secreted higher pro-inflammatory cytokines following stimulation by LPS, hampering NSC/NPC proliferation and the generation of newborn DCX+ neurons. Thus, microglia and astrocytes provide another facet by which TAM signaling modulates neurogenesis in a non NSC/NPC autonomous manner.
Taken together, TAM signaling plays a role in NSC/NPC proliferation and differentiation choice points during embryonic and postnatal neural development. While the role of TAM signaling in developmental and non-developmental processes builds upon investigating mice in which TAM receptors or GAS6 gene function was inactivated, very little is known about the role of PROS1 in this process. We recently conditionally ablated Pros1 expression in neural stem/progenitor cells to investigate the relative contribution of PROS1 in stem/progenitor proliferation and differentiation. Active research is directed to better understand the role of PROS1 in neural stem/progenitor endogenous mechanisms and in niche cells. During the writing of this review, our group has published two studies identifying PROS1 as a multilevel regulator of NSC biology at the binary choice points of quiescence/ proliferation and self-renewal/differentiation, also impacting daughter cell fate. (Zelentsova et al., 2017; Zelentsova-Levitskyi et al ., 2017) . It is possible that activation of TAMs by the different ligands may elicit diverse downstream signaling pathways, differentially affecting different choice points along the neurogenic process.
TAM receptor function in the developing immune system
Most of the current knowledge on TAM signaling in the immune system is focused at the functional level. Adult mice lacking all three TAM receptors were first observed to develop chronic inflammation and autoimmunity, with constitutively activated macrophages Lemke et al., 2003; Lu, Lemke, 2001) . Further studies identified TAMs are pleiotropic negative regulators of innate immunity, attenuating the immune response in Dendritic cells (DCs) (Rothlin et al., 2007) . More recently, it was shown that T cell-derived PROS1 restrains DC activation via TAMs, revealing TAM function at the regulatory interface of the adoptive and innate immune arms (Carrera Silva et al., 2013) . These roles of TAMs were recently extensively reviewed by Rothlin and colleagues (Rothlin et al., 2015) . The involvement of TAMs in the development and maturation of immune cells is described below.
To date, TAMs were found to govern the development and maturation of natural killer (NK) cells, erythrocytes, and Langerhans cells (LC). The differentiation and maturation of committed NK progenitors involves the sequential and graduate acquisition and expression of functional surface markers and receptors, while the expression of other markers are downregulated. These processes are initiated in the bone marrow and are driven by signals provided by bone marrow stromal cells. Roth and colleagues have shown that all three TAM receptors contribute to the development and maturation of NK cells (Caraux et al., 2006) . They have shown that all three TAM receptors are expressed by NK cells, and that TAM expression on NKs is critical in the formation of the full NK cell repertoire, including their functional maturation. Additionally, recombinant GAS6 and PROS1 promoted the growth and differentiation of NK precursors in vitro, indicating functional ligand-receptor interaction drives this process (Caraux et al., 2006) . These results suggest that bone marrow stromal cells which express both GAS6 and PROS1 are likely to drive TAM-dependent NK differentiation in vivo. The analysis of NK cell repertoire and maturation in Gas6 null mice will likely contribute to understanding the role of GAS6 in NK cell ontogeny. Similarly, using a stromal-specific cre-mediated deletion of Pros1 is necessary to verify and positively identify a role for PROS1 in vivo.
Erythropoiesis -the generation of oxygen carrying red blood cells -from hematopoietic stem cells was shown to be regulated by GAS6 and AXL (Angelillo-Scherrer et al., 2008; Tang et al., 2009) . With an average life span of 40 days in mice, the bone marrow and spleen are the major sites of ongoing erythropoiesis from hematopoietic stem cells (HSCs) in adult mice (Green, 1966) . Angelillo-Sherrer and colleagues studied erythropoiesis in Gas6 -/-mice, and found a significant reduction in numbers of erythroid progenitors (both burst-forming unit-erythroid (BFU-E) and colony-forming unit-erythroid (CFU-E) in fetal liver and adult bone marrow. GAS6 expression by erythroblasts is induced by Erythropoietin (Epo), and this effect is AXL-dependent. GAS6 enhanced erythroblast cell survival and Epo downstream signaling, and suppressed cytokine signaling known to inhibit erythropoiesis (Angelillo-Scherrer et al., 2008) . Another study identified the expression of the erythropoiesis-related genes GATA-1 and Epo-R to be regulated by AXL and MER (Tang et al., 2009) .
It is interesting to compare the different expression patterns of TAM receptors and ligands between differentiating NK cells and erythrocytes with those of differentiating NSCs. Both immune and neural precursor populations reside within their specific niche, where they intimately interact with non-precursor niche cells, also expressing TAM signaling components. However, while NSC/NPCs and erythroblasts express both TAM receptors and at least one ligand, NK precursor cells express TAM receptors, while ligands are predominantly expressed by the stromal cells of their niche. This may underlie fundamental differences in maturation, differentiation and specification between both developmental systems, reflecting altered autonomous and non-autonomous TAM mechanisms. More broadly within the hematopoietic stem cell niche, TAM signaling components are expressed by hematopoietic stem cells and bone marrow stromal cells (Avanzi et al., 1997; Graham et al., 1994; Satomura et al., 1998) and GAS6 was shown to support hematopoiesis in vitro (Dormady et al., 2000) . Thus, various aspects of hematopoiesis and erythropoiesis are regulated by TAM signaling.
Another immune cell population whose development and differentiation was shown to be TAM-driven are Langerhans cells (LCs). LCs comprise a subset of myeloid-derived dendritic cells which reside within the skin epidermis. LCs represent the exclusive antigen-presenting cells in this peripheral tissue, and regulate skin immune responses against pathogens, environmental insult and stress (Ginhoux et al., 2010) . LCs are derived from embryonic hematopoietic precursors, which populate the skin at late embryo-genesis. In the adult, under steady state conditions epidermal LCs leave the skin and migrate to draining lymph nodes, whereas new LCs repopulate the skin either from circulating monocytes, or by local proliferation. Under acute inflammatory conditions, LCs are repopulated by circulating precursors, mainly blood monocytes (Ginhoux, Merad, 2010) .
TGF-b is a key regulator of LC development and maintenance, as TGF-b deficient mice lack DCs, (Borkowski et al., 1996) and the conditional ablation of TGF-b receptor 1 in adult DCs results in their premature spontaneous maturation, indicating its importance in maintaining a pool of immature LCs in the epidermis (Kel et al., 2010) . In a recent report, Bauer and colleagues identified AXL to be a key effector of TGF-b1 during LC cell differentiation (Bauer et al., 2012) . Using a defined in vitro serum-free LC differentiation model, they have found that AXL transcript expression is induced during the early phases of human LC commitment, and that AXL expression was dependent on TGF-b1 induction. Similarly, TGF-b1 stimulated AXL expression in mouse bone marrow-derived DCs (BMDCs). Moreover, LC subsets in which AXL expression was upregulated showed an elevated differentiation potential compared to AXL-negative subsets. Of note, the diminution of 50% of LC cells in mice was observed only in TAM triple KO mice, as inactivation of Axl alone in mice did not result in diminution of LC numbers, which was only observed in human cells (Bauer et al., 2012) . This difference observed between human and murine LCs may be due to functional redundancy in mice. Alternatively, it may suggest that TAM signaling may be important for the maintenance of LCs in the epidermis. Understanding these differences requires further investigation.
Importantly, since AXL induction occurs in activated dendritic cells downstream of TLR signaling (Rothlin et al., 2007), Bauer et. al. have also made the distinction between AXL activation during NK differentiation versus following TLR stimulation. Interestingly, TLR-mediated AXL induction occurs in the presence of TGF-b inhibitors, indicating context-specific and independent pathways for AXL activation in LCs. Finally, the ability of TGF-b to independently regulate all three TAM receptors in DCs and LCs (Bauer et al., 2012; Rothlin et al., 2007) is supported by immuno-histochemical staining which revealed the abundant expression of both GAS6 and PROS1 in human epidermis (Bauer et al., 2012) .
TAM receptor function in the developing vasculature
Expression of Axl and Mertk, as well as both ligands Pros1 and Gas6 by endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) is well documented (Benzakour et al., 1995; Benzakour et al., 2000; Burstyn-Cohen et al., 2009; Fair et al., 1986; Stitt et al., 1995) . In the adult, TAMs regulate various aspects of vascular biology, including vessel integrity (Burstyn-Cohen et al., 2009; Miner et al., 2015; Zhu et al., 2010) , and vascular remodeling in response to injury (Korshunov et al., 2006) .
The expression of TAMs by ECs and VSMCs suggests they may also be instructive in formation of new blood vessels, both in health and in disease. Inhibition of AXL in primary human endothelial cells impaired blood vessel formation both in vitro and in vivo, suggesting possible clinical implications not only during developmental processes, but also in cancer settings (Holland et al., 2010; Holland et al., 2005) . Endothelial cell motility is a necessary step in blood vessel formation, another aspect of angiogenesis where AXL was shown to mediate VEGF-A-induced EC migration, through Akt activation (Ruan et al., 2012) . Thus, AXL seems to mediate both migration and tube formation of endothelial cells. The regulation of angiogenesis is a highly complex and coordinated process, involving molecular and cellular mechanisms, to ensure an overall balanced process, and importantly to avoid the aberrant or over-production of blood vessels. In this respect GAS6/AXL and PROS1/MERTK signaling were reported to inhibit VEGF-A-induced chemotaxis and tube formation of ECs (Fraineau et al., 2012; Gallicchio et al., 2005) , suggesting TAM signaling may elicit both pro-and anti-angiogenic effects, contributing to an overall tightly regulated process. Interestingly, the inhibitory effect of both pathways was dependent on the tyrosine phosphatase SHP2.
With respect to TAM ligands -both ligands PROS1 and GAS6 promote survival of ECs and VSMCs (Burstyn-Cohen et al., 2009; Gasic et al., 1992; Healy et al., 2001; Melaragno et al., 2004; O'Donnell et al., 1999 We previously reported a role for PROS1 in angiogenesis.
Pros1
-/-mice die embryonically between days E15.5-E17.5 from massive coagulopathy with associated hemorrhages, blood clots and defective blood vessel formation (Burstyn-Cohen et al., 2009) . At E13.5, prior to coagulation defects, Pros1 -/-mice showed defects in blood vessel development and integrity not only in embryonic tissue per-se, but also in the extra-embryonic vasculature of the yolk sac. Endothelial cells in Pros1 -/-mice presented with an activated morphology and aggregated in clusters but did not form tubular vessel structures, indicating an in vivo role for Pros1 in angiogenesis. Consistent with Pros1 being a mitogen for VSMCs (Gasic et al., 1992) , we found fewer VSMCs supporting blood vessels in Pros1 -/-embryos. The few VSMCs that were found associated to nascent blood vessels did not form a supportive ring around the developing vasculature, leading to collapse of blood vessels. Interestingly, vascular development following the conditional knockout of Pros1 from ECs (using the Tie2-cre) was not grossly affected, whereas deletion of Pros1 from the VSMC cellular compartment (with SM22-Cre) led to leaky vasculature (Burstyn-Cohen et al., 2009) .
Finally, the bioactivity of PROS1 and GAS6 requires the vitamin K-dependent gamma-carboxylation of glutamate residues residing in the amino-terminal Gla domain (Fig. 1) Stitt et al., 1995) . Vitamin K epoxide reductase (VKOR) catalyzes the epoxide of vitamin K back to vitamin K, and is predominantly expressed in the vascular system. Studying the vitamin K pathway and its relation to angiogenesis can therefore highlight the importance of vitamin K-dependent proteins including PROS1 and GAS6 in angiogenesis, especially in light of the fact that warfarin which inhibits VKOR enzymatic activity by direct interaction (Tie et al., 2008) is still the most commonly prescribed oral anticoagulant. The relevance of VKOR to the angiogenic process was demonstrated following stimulation and inhibition experiments. Overexpression of VKOR in human primary endothelial cells stimulated their proliferation, migration and tubular network formation, while VKOR knockdown inhibited EC tube formation (Wang et al., 2005) , further supporting the importance of this biochemical pathway. Moreover, a recent study identified the UBIAD-vitamin K2 gene to underlie the cranial hemorrhages and defective EC survival during early vascular development, leading to vascular degeneration in the zebrafish mutant reddish (Hegarty et al., 2013) . Taken together, TAMs clearly play a role in vascular development and in angiogenesis, both in health and in disease. The relative roles of the different TAM signaling components remain to be revealed. Similarly, what are the relative contributions of PROS1 and GAS6 in ECs versus VSMCs? What downstream signaling and cellular events are induced by each possible receptor-ligand interaction, and how are these regulated? Answering these questions may provide a platform for the development of therapeutic manipulation for treatment of vascular diseases, or for controlling unrestrained angiogenesis as seen in cancer and wet age-related macular degeneration (AMD).
Concluding remarks
As mentioned above, inactivation of TAM receptors and/or ligands leads to developmental deficits in various tissues. The regulation of cell survival, proliferation, and migration by TAMs in tumor cells is mirrored in development, as seen for GnRH neurons, NSC/NPC populations and endothelial cells. TAM signaling also seems to play a role in cell differentiation processes, as seen for erythrocytes and natural killer cells, neural stem/precursor cells and in maturation of germ cells. These processes most likely involve interactions between precursor cell populations and their niche cells. Similar interactions are thought to occur between cancer stem cells and their environment, which may induce their exit from dormancy. In this respect, GAS6 and MERTK were shown to regulate prostate cancer stem cell dormancy and survival in the bone marrow (Jung et al., 2016; Shiozawa et al., 2010) .
The abundant expression of TAM signaling components not only by the cells they affect but also within neighboring cells, together with the fact that PROS1 and GAS6 are secreted molecules, encumbers analysis of receptor-ligand inter-cellular cross-talk, and urges the generation of experimental tools (such as conditional knockout mice) for Tyro3, Axl and Gas6 to precisely target TAM molecules in specific cell populations. The generation of such tools is expected to better elucidate the specific roles and mechanisms by which TAM signaling components impact numerous systems and processes during development and throughout adulthood.
